Large expansions of a CGG-repeat element (>200 repeats; full mutation) in the fragile X mental retardation 1 (FMR1) gene cause fragile X syndrome (FXS), the leading single-gene form of intellectual disability and of autism spectrum disorder. Smaller expansions (55 -200 CGG repeats; premutation) result in the neurodegenerative disorder, fragile X-associated tremor/ataxia syndrome (FXTAS). Whereas FXS is caused by gene silencing and insufficient FMR1 protein (FMRP), FXTAS is thought to be caused by 'toxicity' of expanded-CGG-repeat mRNA. However, as FMRP expression levels decrease with increasing CGG-repeat length, lowered protein may contribute to premutation-associated clinical involvement. To address this issue, we measured brain Fmr1 mRNA and FMRP levels as a function of CGG-repeat length in a congenic (CGG-repeat knock-in) mouse model using 57 wild-type and 97 expanded-CGG-repeat mice carrying up to ∼250 CGG repeats. While Fmr1 message levels increased with repeat length, FMRP levels trended downward over the same range, subject to significant inter-subject variation. Human comparisons of protein levels in the frontal cortex of 7 normal and 17 FXTAS individuals revealed that the mild FMRP decrease in mice mirrored the more limited data for FMRP expression in the human samples. In addition, FMRP expression levels varied in a subset of mice across the cerebellum, frontal cortex, and hippocampus, as well as at different ages. These results provide a foundation for understanding both the CGG-repeat-dependence of FMRP expression and for interpreting clinical phenotypes in premutation carriers in terms of the balance between elevated mRNA and lowered FMRP expression levels.
INTRODUCTION
The FMR1 gene, located on the X chromosome, harbors a noncoding CGG-repeat element that, when expanded beyond 40 repeats, gives rise to several distinct disorders in a manner dependent on the size of the repeat (NCBI gene 2332). Fullmutation alleles (.200 CGG repeats) are generally transcriptionally silenced, with the consequent diminishment/absence of FMR1 protein (FMRP) giving rise to fragile X syndrome (FXS) (OMIM #300624) (1) (2) (3) (4) (5) . Smaller expansions (55 -200 CGG repeats; premutation range) are common in the general population with prevalence estimates of 1:130 -250 in females and 1:260 -800 in males (6, 7) . Approximately 70% of premutation alleles in the general population possess ,70 CGG repeats, and in a newborn screening study (n 20 900 alleles), only 1 subject, out of 50 premutations ascertained, had an allele that exceeded 120 CGG repeats (130 repeats) (6, 8) .
Carriers of a premutation allele can present with a spectrum of neurodevelopmental and adult-onset phenotypes that are thought to arise through a 'toxic' gain-of-function of elevated CGG-repeat-containing FMR1 mRNA levels (9) . One such phenotype is fragile X-associated tremor/ataxia syndrome (FXTAS), a late-onset neurodegenerative disorder characterized by intention tremor, gait ataxia, cognitive decline and peripheral neuropathy, as well as ancillary features reflecting both CNS and non-CNS dysfunction (OMIM #300623) (9 -17) . In addition, women with premutation expansions have an increased risk of primary ovarian insufficiency (18, 19) , which involves impaired ovarian function and/or menstrual cessation prior to the age of 40 .
In carriers of premutation alleles, while FMR1 message levels are markedly elevated (20 -23) , FMRP levels remain unchanged or moderately decrease with increasing CGG-repeat length (20, 24) , because CGG repeats progressively impede the translation of FMR1 mRNA (25) (26) (27) . Thus, though RNA toxicity is thought to be sufficient to cause the neuropathology of FXTAS (28 -31) , it is possible that lowered FMRP levels, particularly in the upper premutation range, could exacerbate clinical involvement for either/both neurodevelopmental and neurodegenerative disorders, particularly for clinical domains involving mood, behavior and cognition, which are shared features in individuals with either a premutation or a full-mutation allele. Confounding this issue, disparate FMRP levels in CGG-knock-in (KI) premutation mice have been reported, although for very small numbers of mice in each study (32) (33) (34) (35) (36) (37) (38) .
To assess the potential for FMRP deficiency as an additional contributing factor for clinical involvement in premutationassociated disorders, we have determined the relative FMRP levels in the brains of a large cohort of mice in which the native murine Fmr1 CGG-repeat element ( 9 -11 CGG) has been replaced with an expanded ( 70-250 CGG) repeat in the premutation KI mouse (39) . As in humans, the KI mouse exhibits repeat-length instabilities upon transmission of the repeat. Importantly, the mouse also displays physical and behavioral phenotypes similar to those seen in human premutation individuals. These issues include motor deficits and anxiety (40 -42) , as well as impairments in exploration (41) , memory, learning and spatial organization (41, 43, 44) . Neuronal and astrocytic intranuclear inclusions are also evident in older KI mice (34,38, review: 45) .
In addition, we have also measured FMRP expression levels in postmortem brain tissue (frontal cortex) from 24 human cases (CGG ranged from 56 to 118 CGG repeats). In both mice and humans, we observed that there is only a modest reduction in mean FMRP level with increasing CGG-repeat size in a background of relatively large inter-individual variation in FMRP level, albeit with human CGG repeats restricted toward the lower end of the premutation range. These data suggest that any contribution to the premutation clinical phenotype would likely be relatively modest, on average, but could be quite variable within a given population because of the high degree of FMRP variability.
RESULTS

Murine brain
Fmr1 mRNA levels increase substantially with increasing CGG-repeat size throughout the premutation range To assess the degree to which mouse Fmr1 mRNA levels parallel the increase observed in humans with the premutation, we utilized a KI mouse model in which the native murine CGG-repeat element was replaced (originally) by a 98-CGG-repeat element (39) , from which a broad range of allele sizes (,70 to .300 CGG repeats) have since been generated through breeding owing to contraction and expansion of the meiotically unstable repeat element (32, 38, 45, 46) .
We bred female mice (C57BL/6J background) heterozygous for the expanded (KI) repeat with male wild-type (wt) or KI mice to obtain male offspring that were either wt or hemizygous for the expanded allele. Fmr1 mRNA and FMRP levels were determined for whole right and left hemispheres in all male offspring at 3 weeks of age. In this manner, wt and CGG-repeat males were littermates and their in utero, parenting, and external environments were the same. The cohort for these studies comprised 57 wt ( 10 CGG repeats) and 97 KI (71-245 CGG repeats) animals at postnatal day 21 (P21) ( Table 1) . We found that Fmr1 mRNA levels increase substantially with increasing CGG-repeat length (Fig. 1A) , as anticipated from previous studies with smaller cohorts (33, 34, 38) , with levels for 200 CGG-repeat alleles (180 -220 CGG) approaching 10-fold higher than the mean for wt mice (excluding one extreme outlier among wt mice; range ¼ 2.5 to 10.3). The observed range among the wt animals ( 1.9-fold between the 5% lower and 95% upper CI bounds; 0.67 to 1.3) is similar to the range for normal FMR1 alleles in humans ( 3-fold, 22, 47) . The highest Fmr1 mRNA levels were found in several litters from breedings of KI males (238 and 243 CGG) to KI females (214 and 204 CGG) (Fig. 1A , open circles). These offspring had Fmr1 mRNA levels higher than other animals within the same repeat range, as well as animals with even larger repeats. It is not apparent why this breeding pattern would lead to increased Fmr1 transcription in the offspring, because male pups receive the Fmr1 allele from their mothers and are expected to be unaffected by the paternal genotype. The female mice giving rise to these litters did not have the largest CGG repeats among the breeding females.
FMRP levels decrease gradually throughout the premutation range FMRP levels had been reported to be normal in mice with moderate expansions ( 70-110 CGG) or reduced in KI mice with larger expansions (up to 230 CGG); however, these observations were based on small numbers of animals and specific CGG-repeat ranges (33, 34, 38) . To more precisely estimate the dependence of FMRP level on CGG-repeat length in this mouse line, we measured whole-brain protein levels relative to Gapdh protein for both wt and KI mice, using much larger cohorts (wt, n ¼ 57; KI, n ¼ 97) than had been used previously (Fig. 1B) . Large errors of replicate FMRP measurements, along Fig. S1 ). Therefore, we adapted a new method for protein extraction that was reported to solubilize 98% of mouse brain tissue (48) , and, using this method, we found that sample replicates were consistent from blot to blot, a drastic improvement over the initial method (Supplementary Material, Figs S1 and S2).
As can be seen in Figure 1B , FMRP levels clearly decrease with increasing CGG repeat throughout the premutation range, with an average 38% reduction in FMRP levels within that range. However, it is also evident that there is broad variation in FMRP levels for any given CGG-repeat size, even within the wt group (95% CIs of FMRP are indicated by curved lines on the graph), likely due at least in part to variation in the western blot method. This latter observation suggests that previous differences in FMRP levels with respect to CGG-repeat size (33 -38) could be accounted for by sampling differences for small cohorts ( 1 -10 animals; Supplementary Material, Fig. S3 and Table S2 ).
Reductions and variation in FMRP levels in premutation postmortem human cerebral cortex are similar to those observed in mice
To determine whether the characteristics of FMRP expression in human postmortem brain tissue exhibit a similar repeatdependence to that observed in the KI mouse, we measured FMRP levels in mid-frontal cortex from 7 individuals with normal-CGG-repeat alleles (controls), and from 17 cases with CGG repeats in the premutation range (56 -118 CGG repeats; Table 2 , Fig. 2 ), all of whom had features of FXTAS prior to death. We compared FMRP levels in human frontal cortex to FMRP levels in a subset of 47 mice that were within the same repeat range and observed that the reduction in FMRP in this range is comparable. Setting the normal human and wt mouse groups to 1, the average FMRP in expanded alleles is 0.59 in humans and 0.67 in mice (P ¼ 0.19 using t-test). As the human samples were subject to a range of postmortem intervals (from 1.5 to 25 h), some decrease in FMRP is expected due to protein degradation. Regardless of postmortem interval, FMRP reductions are moderate ( 60% of normal) in the premutation range of 56-118 CGG repeats.
The efficiency of Fmr1 translation decreases dramatically over the premutation range
Although there is only a modest decrease in FMRP levels with increasing CGG repeat, in both mouse and human brain tissue and in human blood lymphocytes (22, 24, 50) , expanded-CGG-repeat alleles are well known to impede FMRP production owing to secondary structure formation within the repeat tract and, consequently, to inhibit scanning of the 43S ribosomal preinitiation complex through the structured 5 ′ UTR (25,51,52). Thus, to get an estimate of the efficiency of FMRP production within the premutation range, we determined the ratio of FMRP to Fmr1 mRNA for each tissue sample. When FMRP levels ( Fig. 1B) were corrected for Fmr1 mRNA levels ( Fig. 1A) for each animal, the decrease in translation efficiency is striking (Fig. 1C) , with relative efficiencies of 10% of wt levels for the highest repeats (180-245 CGG; 95% CI Fmr1/ FMRP for difference of means, 20.90 + 0.10).
Dependency of FMRP levels on mouse age
We next sought to determine what effect age has on FMRP levels in mice. FMRP levels may change throughout development and into adulthood; for example, it has been shown that FMRP levels are highest in mice during development in utero (53-56). We measured levels of FMRP in frontal cortex, hippocampus and cerebellum in age-matched control (n ¼ 24) and KI mice (n ¼ 29) at P0, P14, P21, P35 and P140 (Fig. 3) ; the CGG repeat of each mouse is listed in Table 3 . FMRP expression in the cerebellum was highest at birth and decreased throughout the time measured. In the frontal cortex and hippocampus, expression was also high at P0 with a general decrease with age; however, time point P35 showed increased expression in Error bars are standard errors of the mean (SEM). Significant differences were seen between the following groups: P , 0.001 for mouse wt versus mouse expanded; mouse wt versus human expanded; human normal versus human expanded; and human normal versus mouse expanded, using one-way ANOVA. The P-value between mouse expanded and human expanded is 0.26. and expanded-repeat (solid circles) mice at five different ages. Each point represents the average of three to seven mice, with the exception of P35 expanded-CGG hippocampus, which included two mice. Error bars correspond to SEMs for each age group. both of these tissues. As mice reach sexual maturation at 5 -8 weeks, the spike in FMRP around that time may be associated with reproductive development. While the P35 cohort of expanded-repeat mice also had the smallest CGG repeats, on average, of all the age groups, smaller repeat sizes do not account for the increases in FMRP at P35; those repeat lengths were only significantly different from the P14 age group repeats, which had the overall largest repeats, and cerebellum FMRP expression was actually lowest at P35.
Our data indicate that FMRP levels are highest at the earliest stages of postnatal development, which may be the critical period in which FMRP is needed in humans. However, the small number of animals at each time point does not provide us with enough power to separately assess the dependencies of FMRP level on age, brain region and genotype. Therefore, we performed an ANOVA for the main effects (single variable) and two-variable effects of these groups (Supplementary Material, Table S1 ). Combining, for example, samples from all ages and genotypes for one brain region, or FMRP levels from all brain regions for one genotype, provides groups with large enough Ns for statistical analysis. Overall, FMRP levels are highest in wt mice, in the cerebellum, and at time P0. When brain region data are combined, wt and CGG levels are significantly different at every age except for P140, where FMRP levels have dropped to their lowest levels for both groups.
Instability of the CGG-repeat during maternal transmission
Transmission of the CGG repeat from heterozygous female mice to their offspring yielded both expansions and contractions (Supplementary Material, Fig. S4 ), with the average expansion (+31 CGG repeats) nearly twice the average contraction (-17 CGG repeats) (Table 1) . Moreover, more progeny had expanded alleles (39 of 95) than had contractions (29 of 95). For these estimates, only animals whose repeat lengths differed by at least 5% from their mothers' genotypes were included, to avoid biasing for sizing inaccuracies; 27 animals fell below this threshold, whereas 2 animals had an unknown maternal genotype. The largest expansions occurred in the low premutation range, whereas larger contractions occurred only for the largest parental repeats. However, this trend is highly influenced by the 6 largest expansions (114, 115, 136, 143, 143 and 143) and 2 largest CGG-repeat contractions (-128, -161), and there is no significant inverse correlation between the CGG repeat of the mother and the repeat expansions in the progeny (R 2 ¼ 0.0831).
Immunohistochemistry within specific brain regions reveals reductions of FMRP that are consistent with whole-brain levels
We next immunostained for FMRP expression across several brain regions for wt (n ¼ 3), and for low-CGG (CGG ¼ 82, 89 and 96) and high-CGG repeat (CGG ¼ 175, 181 and 222) KI adult mice. Brains were fixed, parasagittally sectioned and stained for FMRP. As can be seen in Figure 4 , expression of FMRP is concentrated across the neocortex, hippocampal CA1 and dentate gyrus regions, and Purkinje and granule layers of the cerebellum, where Purkinje cell bodies and granule cells reside, respectively. These observations are consistent with higher FMRP levels in regions of high neuronal cell-body density. There is a general, mild reduction of FMRP in the KI mice (Figs 4 and 5) , with average FMRP levels of 92% (95% CI, 92 + 6.9) and 69% (95% CI, 69 + 10) of wt levels for lowand high-repeat KI mice, respectively. Across all regions of interest, the lowest level (54%) was observed in the cerebellum of high-repeat mice. We also compared FMRP levels among different brain regions in the mice, observing that expression (staining) was highest in the CA1 and dentate gyrus of the hippocampus, and lowest in the striatum and hippocampus stratum radiatum (SR) ( Table 4) .
DISCUSSION
In this study, we demonstrated that both enhanced Fmr1 mRNA production and diminished FMRP production with increasing CGG-repeat size in mice recapitulate the observed trends in humans (20) (21) (22) (23) (24) . The preponderance of human and mouse data indicates that the trends are smooth and monotonic, with approximate log-linear relationships between the CGG-repeat length and both mRNA and FMRP levels. Despite increased FMR1/Fmr1 mRNA levels, FMRP levels in humans and mice are diminished, particularly in the upper premutation range, likely due to the fact that the 5 ′ non-coding rCGG-repeat element acts as a structural impediment to translational initiation (21, (25) (26) (27) 51, 52) . Also consistent with the mouse data, we observed a general diminution in FMRP levels with increasing CGG repeat for human postmortem cerebral cortex, although the data are limited to the lower half of the premutation range and are subject to additional uncertainties associated with the postmortem interval.
It is evident that both FMR1 mRNA and protein (FMRP) measures vary substantially about their mean levels throughout the normal and premutation ranges (47,57; Fig. 1 ). The basis of this variation is not completely understood, although based on our current analysis, a significant portion of this variation is likely due to technical variation (PCR, western), evident even within a single mouse strain (Supplementary Material, Fig. S2 ). From a practical standpoint, this variation is important, particularly for FMRP levels, whose mean levels decrease only gradually (and modestly) within the premutation range, because it diminishes the utility of FMRP as a diagnostic tool within that range. However, FMRP levels will remain important as an adjunct to other clinical and molecular measures for those with very low FMRP levels, for both high-premutation and fullmutation alleles, where FMRP levels are likely to be influenced by various epigenetic, environmental and/or metabolic factors. 
Previous reports of the current and other premutation (KI) mouse models (33, 34, 36, 38) have described a range of trends in Fmr1 mRNA and FMRP expression levels within the premutation range; though all generally show a positive correlation between CGG-repeat length and Fmr1 mRNA expression, and a negative correlation between the size of the repeat and FMRP levels. In light of the variation in mRNA and FMRP levels (for a given CGG-repeat size) that we observed across the premutation range, the most likely explanation for the widely differing reported levels is that many of these studies used very small cohorts, resulting in sampling differences (Supplementary Material, Fig. S3 and, Table S2 ). The results of the present study also show that developmental age ( Fig. 3 ) and brain region examined (Table 4 , Figs 3 and 4) are important variables influencing levels of FMRP in the KI mouse model. Previous studies have not systematically examined the effect of age on FMRP levels or Fmr1 mRNA levels (33, 34, 37) . The present study has found that levels were highest early in development (i.e. P0), consistent with the critical role of FMRP in brain development (49, 58) , followed by what appears to be a general pattern of decline with age. There may also be additional developmental periods when levels may change (i.e. P35); this interesting observation should be pursued in future studies. Substantial regional brain differences were also found in relative FMRP expression (Table 4 , Fig. 4 ). The highest total levels were found in the CA1 subregion of the hippocampus, with relatively lower levels in the dentate gyrus, cortex, cerebellum, striatum and stratum lacunosum of the hippocampus, respectively. Regional differences may be related to function, such that high levels in the hippocampus in the premutation could reflect an important role for FMRP in memory processes, with reduced levels contributing to cognitive impairment in premutation mice. However, regional variations may be due to differences in cell density, with higher levels of FMRP in regions of high cell-body density (e.g. CA1 and striatum radiatum) and lower levels in areas of sparse cell density, including the dendritic fields of the hippocampal striatum radiatum and cerebellar molecular layer (Fig. 4) . Additional studies on regional transport and distribution of FMRP within cells will be needed in order to clarify the importance of brain regional differences in the function of FMRP, as well as the reduced levels found in the premutation.
Unlike in humans, full-mutation expansions (.200 CGG repeats) of the mouse Fmr1 gene have not been found to undergo DNA hypermethylation and transcriptional silencing (34, 36) . As a consequence, full-mutation murine alleles continue to express high levels of Fmr1 mRNA, providing an opportunity to gauge the efficiency of FMRP production from mRNAs possessing full-mutation CGG-repeat expansions (Fig. 1C) . This issue is of some importance from a therapeutic standpoint, because any consideration of gene reactivation (i.e. induction of mRNA production) must still account for the markedly reduced translational efficiency in that range. Interestingly, in both humans, in the absence of methylation (59) , and in mice, transcription rates remain quite high well into the full-mutation range. Moreover, more than half of males with full-mutation alleles still produce some FMR1 mRNA. Therefore, an alternative strategy to increasing FMR1 transcript expression would be to increase the efficiency of translation, even if only by a factor of 2-to 3-fold (60) . Attempts to increase FMR1 mRNA levels alone in FXS may in fact be detrimental later in life, as intranuclear inclusions have been found, albeit at low levels, in the postmortem brain tissue of three individuals with full-mutation FMR1 alleles and FXS (61) , suggesting that efforts at further mRNA production should be avoided.
Concluding remarks
Evidence to date indicates that FMRP levels decrease throughout the premutation range in a manner that is both monotonic and relatively mild, with an approximate 2-fold decrease from normal (population mean) levels upon reaching the upper end of the premutation range (21, 22, 24) . The decreased FMRP levels observed in human and mouse appear to be comparable, indicating that the mouse model is a reasonable one for the study of FMRP effects in the premutation range. However, there is an important caveat to the above-mentioned trend. We and others consistently observed substantial variation in FMRP levels for any given CGG repeat, a variation that is not accounted for by variation in age or protein source (e.g. blood versus brain). This dispersion of protein levels, even within an individual mouse line, indicates both that individual-specific metabolic (and perhaps epigenetic) effects are regulating protein level and that simple measurement of FMRP level is unlikely to be a solid indicator of clinical involvement-except perhaps for the low-protein outliers in the premutation range. However, this diagnostic caveat is also a potential opportunity in that identification of those factors that modulate FMRP level may lead to effective therapeutic agents for treatment of individuals who have clinical involvement owing to low protein levels, in both the premutation and full-mutation ranges.
MATERIALS AND METHODS
Premutation knock-in mice
A CGG KI mouse model (C57BL/6J) that harbors premutationlength CGG expansions has been described and characterized (38, 39, 44, 62) . For the present study, we bred female mice heterozygous for the CGG-repeat expansion (71 -245 CGG repeats on the expanded allele) to wt or expanded-repeat males to produce wt and expanded-CGG-repeat animals. Male offspring were used for molecular and immunohistochemical investigations. The dams and their pups (wt mice were littermates with CGG KI mice) were housed under standard conditions, approved by the University of California, Davis, Institutional Animal Care and Use Committee, and all effort was taken to reduce stress in the mice. Tissue preparation for molecular measurements
Mice were sacrificed by cervical dislocation, and whole brains were either hemisected (one half each for Fmr1 mRNA and FMRP measurements) or dissected, separating cerebellum, frontal cortex and hippocampus. A total of 97 CGG KI and 57 wt 3-week-old (p21) male mice were used for Fmr1 mRNA and FMRP molecular measurements using brain hemispheres. For longitudinal studies across brain regions, 29 expandedrepeat (85 -259 CGG repeats) and 25 wt (9 -11 CGG repeats) male mice were used to measure FMRP at P0, P14, P21, P35 and p140. Tail snips of 5 mm in length were taken for immediate extraction of genomic DNA and genotyping from all animals.
Human brain tissue samples
Postmortem brain tissue from 7 normal-CGG-repeat and 17 premutation male individuals was previously acquired and sectioned in accordance with University of California, Davis, IRB-approved protocols as described (63), and brain sections of 1 cm thickness were stored long-term at 2808C. Small tissue samples ( 2 × 2 cm) were taken from (approximately) superolateral mid-frontal cortex, in order to provide tissue from an equivalent region across all cases and controls, and each were ground to powder in liquid nitrogen and stored at 2808C until use.
Molecular measurements
DNA isolation and CGG-repeat analysis Genomic DNA was isolated from mouse tail snips and human brain tissue using the Gentra Puregene genomic DNA purification kit (Qiagen, Valencia, CA, USA), which routinely yields 5-15 mg of genomic DNA per sample. Mouse DNAs-40 to 80 ng of mouse DNA was used to PCR-amplify the CGG-repeat region of each sample using AmplideX FMR1 PCR kit (Asuragen, Austin, TX, USA), as per manufacturer's instructions, after which sizing was performed using the Agilent DNA 7500 Kit on a 2100 Bionalalyzer (Agilent Technologies, Santa Clara, CA, USA) (Supplementary Material, Fig. S5A ). Human DNAs-Repeat lengths in human DNA samples were sized following PCR amplification of the repeat region using a standard protocol (64) with 100 ng of genomic DNA, utilizing the Expand Long Template PCR System (Roche Diagnostics Corporation, Indianapolis, IN, USA) and primers C3 (5 ′ TGTTTA CACCCGCAGCGGGCCGGGGGTTC) and F (5 ′ AGCCCCG CACTTCCACCACCAGCTCCTCCA). PCR reactions were resolved by agarose gel electrophoresis and then sized by regression relative to the HiLo DNA Marker (Bionexus, Inc., Oakland, CA, USA) using the Alpha Innotech Fluorchem 8900 BioImaging System running AlphaEaseFC software (ProteinSimple, Santa Clara, CA, USA) (Supplementary Material, Fig. S5B ).
Total RNA isolation and cDNA synthesis The right hemisphere of each brain was homogenized in 1 ml HEPES Buffer (10 mM HEPES, 300 mM KCl, 3 mM MgCl 2 , 100 mM CaCl 2 , 0.45% Triton X-100, 0.05% Tween-20 and 3 mM Dithiothreitol) using the Tissuelyzer LT system (Qiagen). 100 ml of homogenate plus 500 ml QIAzol (Qiagen) were used for extraction of total RNA using the RNeasy Lipid Tissue Mini Kit (Qiagen), which routinely extracted 5 mg of RNA per extraction. We performed first-strand synthesis with the QuantiTect Reverse Transcription kit (Qiagen) according to the manufacturer's protocol (1 mg of total RNA in 100 ml).
Analysis of mRNA expression
Quantitative PCR reactions were performed using the TaqMan Universal Master Mix with Fmr1 (Mm00484415_m1) and Gusb (Mm00446953_m1) primer/probe sets (Life Technologies, Carlsbad, CA, USA). We serially diluted cDNA to 5.0, 2.5 and 1.25 ng/ml and then performed qPCR on 5 ml of cDNA in 12 ml reactions on a 7900 HT Real-Time PCR System (Life Technologies), in 384-well format. Temperature cycling was as follows: 2 min at 508C, 10 min at 958C, followed by 40 cycles of 15 s at 958C and 1 min at 608C. Three qPCR reactions were performed for each cDNA dilution, for a total of nine measurements per sample. As a fiducial control, six to eight unrelated wt C57BL/6J mouse brains were pooled and then homogenized and extracted for RNA, as described earlier. To account for interplate variability of Fmr1 mRNA expression, this pooled, wt fiducial was included in every qPCR experiment. We determined relative Fmr1 mRNA levels for all samples (including the fiducial) compared with the endogenous control, Gusb, for each sample using the following formula (20) : log 2 (Fmr1/Gusb) ¼ C T (Fmr1) 2 C T (Gusb), where C T values are the cycles at which fluorescence reached a defined threshold value. These corrected Fmr1 levels of expanded-CGG and wt mice were normalized to total brain Fmr1 expression of the fiducial for each qPCR experiment, and the wt group was set to 1 by dividing all mRNAs by the average of wt, and reported as relative FMRP expression levels. At least three separate qPCR experiments were performed for each sample.
Protein extraction, western blotting and FMRP analysis Mouse protein extraction was performed by a variation of the protocol described by Ericsson and Nister (48) after extensive trouble-shooting (see Supplementary Material, Methods and Fig. S6A ). The left hemisphere of each brain was ground to powder in liquid nitrogen, and 30 mg of sample was weighed out for protein extraction. Tissue powder was resuspended in 20 ml protein extraction buffer (PEB) per mg tissue (65) [0.125 M Tris -HCl (pH 6.8), 2% sodium dodecyl sulfate (SDS), 10% glycerol and 5% 2-mercaptoethanol] followed by manual grinding with a pestle for 1 min. After incubating at 708C in a Thermomixer (Eppendorf, Hauppauge, NY, USA) for 20 min at max speed, samples were cooled to room temperature and spun at 16.1×g in a tabletop centrifuge (Eppendorf). Protein concentrations of lysate supernatants were then immediately measured using the reducing agent and detergentcompatible (RC DC) protein assay (Bio-Rad Laboratories, Hercules, CA, USA) with 1:25 dilutions of lysates in PEB according to the manufacturer's microfuge tube instructions. One wt sample was chosen as a fiducial and was run on all western blots to account for blot-to-blot variations. Mouse FMRP measurements were performed in duplicate from fresh, frozen tissue. On a 10.5 -14% Criterion Tris-HCl gel (Bio-Rad) in running buffer (25 Material, Fig. S6C ). About 30 mg of powdered frontal cortex tissue was lysed by adding 20 ml PEB per 1 mg of tissue and proceeding with mechanical and thermal disruption. A normal fiducial sample was chosen and included on all western blots, FMRP (75 kDa) and GAPDH (38 kDa) levels in each blot were normalized to the local fiducial, and the mean of the normal group was set to 1, as per the mouse samples.
Protein extraction and western blotting of samples for age studies were performed with the following alterations. Samples were lysed in T-PER (Thermo Scientific), concentrations of samples were determined using the BCA protein assay kit (Pierce, Rockford, IL, USA) according to manufacturer's microplate instructions, and western blots were analyzed by horseradish peroxidase development on film using chicken anti-FMRP (1:2500 v/v; 66) and mouse anti-Gapdh (1:80 000 v/v; #MAB374; EMD Millipore) primary antibodies and donkey anti-chicken (1:5000 w/v; #703-035-155; Jackson ImmunoResearch Laboratories, Inc.) or goat anti-mouse (1:5000 v/v; #70-6516; Bio-Rad) secondary antibodies. Expression of FMRP was calculated by densitometry using background subtraction of the integrated intensities of FMRP and Gapdh bands and then normalizing FMRP values to Gapdh values using ImageJ software (67) .
Tissue preparation for immunohistochemistry Male mice with wt, low (82, 89 and 96 CGG) or high (175, 181 and 222 CGG) CGG-repeat lengths, between 3 and 8 weeks of age, were deeply anesthetized with sodium pentobarbital (100 mg/kg, i.p.; Euthasol; Virbac AH, Inc., Fort Worth, TX, USA) and then perfused intracardially with 12 ml of isotonic saline with heparin (1000 U heparin per 1 ml of saline) for .1 min, followed by 60 ml of a chilled, freshly prepared 4% paraformaldehyde solution in 0.1 M sodium phosphate buffer, pH 7.4 (PB) administered by gravity feed over 20 min. We immediately removed the brains from the skull and placed them in the same fixative for 1 h at 48C with gentle agitation on a table shaker. After post-fixation, the brains were rinsed in 0.1 M PB, cryoprotected in 10% sucrose in 0.1 M PB for 1 h, followed by 30% sucrose in 0.1 M PB for 24 h at 48C, then flash-frozen and stored at 2808C until use. Parasagittal serial sections were cut at 35 mm on a sliding microtome equipped with a freezing stage.
Immunohistochemistry FMRP was quantified in situ by immunohistochemistry (IHC) in several brain regions, including CA1, dentate gyrus and SR of the hippocampus; neocortex; striatum; and granule cell layer of the cerebellum. We processed sections for IHC using a modification of the avidin -biotin complex (ABC)-peroxidase technique as previously described (44, 62) . Briefly, free-floating sections were rinsed in 10% sucrose in 0.1 M PB, followed by 0.1 M PB and pretreated with 0.1% sodium borohydride for antigen retrieval for 15 min. Sections underwent treatment with 0.5 -2% H 2 O 2 in PB for 90 min to inactivate endogenous peroxidases and then were rinsed in 0.1 M PB for 15 min, followed by 0.01 M PB, 0.15 M NaCl, pH 7.4 (PBS) for 15 min. Sections were then treated with 3% goat serum (Sigma, St. Louis, MO, USA; DAKO, Inc., Carpinteria, CA, USA), 3% BSA and 0.3% Triton X-100 (TX) in 0.01 M PBS for 1 h to reduce nonspecific staining. Sections were incubated for 48 -72 h at 48C in a chicken polyclonal anti-FMRP primary antibody (Aves Labs, Tigard, OR, USA; 66) diluted 1:20 000 in PBS containing 1% goat serum, 2% BSA and 0.3% TX. Following rinses for 1 h in PBS, sections were incubated in biotinylated goat anti-chicken IgG (DAKO, Inc.; Vector Laboratories, Burlingame, CA, USA), diluted 1:500 in 1% goat serum, 2% BSA and 0.3% TX for 24 h at 48C. After 1 h of rinses in PBS, sections were incubated in ABC reagent (Elite ABC Kit, Vector Laboratories) and diluted 1:2000 in 1% goat serum, 2% BSA, 0.3% TX and PBS for 24 h at 48C. Sections were transferred to Tris-HCl buffers (pH 7.4, 7.6) and then incubated for 15 min in 0.025% 3,3 ′ -diaminobenzidine (DAB, Sigma) in TB (pH 7.6). Staining was initiated by addition of 0.003% H 2 O 2 until development was optimized. Sections were then rinsed in TB, then PB and mounted on gelatin-coated slides. Sections were air-dried overnight at room temperature, dehydrated, cleared and coverslipped with Permount. For all experiments, sections from wt-, low-and high-repeat mice were run in parallel.
Analysis of immunostained sections
Stained sections were visualized at 100× and images captured on a Nikon ECLIPSE E600 microscope (Nikon Instruments, Melville, NY, USA) equipped with a digital camera using Pictureframe software (MicroFire; Olympus America, Inc., Melville, NY, USA). The images were converted to gray scale using Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA), and ImageJ software (http://rsbweb.nih.gov/ij/; 67) was used to measure optical densities of immunostained sections in the following brain regions of interest (ROI): CA1, dentate gyrus and SR of the hippocampus; neocortex; striatum and the granular layer of the cerebellum. We analyzed three animals for each of the three (wt-, low-and high-repeat) groups, and each animal was analyzed for all brain ROI. ImageJ was calibrated in optical density units using a 600-dpi gray-scale density wedge. Briefly, gray-scale images of each brain section were opened in Image J, and optical densities were measured at 4 -5 circular areas for each ROI using the ellipsoid selection tool. The size of the circle was determined by the size and shape of the ROI. For example, a circle with a diameter of 40 mm was used for the granular cell layer of the cerebellum, whereas a smaller oval with a diameter of 7 mm was used for the pyramidal cell layer of the CA1 subregion of the hippocampus. The optical density values were then normalized to wt values and reported as a percentage of wt.
